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Abstract 
Consistent with other published studies, the modelling presented here reveals that baseload 
power plants are the first aspects of the electricity sector to decarbonize and are essentially 
decarbonized once CO2 permit prices exceed a certain threshold ($90/ton CO2 in this study). The 
decarbonization of baseload electricity is met by significant expansions of nuclear power and 
renewable energy generation technologies as well as the application of carbon dioxide capture 
and storage (CCS) technologies applied to both coal and natural gas fired power plants. 
Relatively little attention has been paid thus far to whether intermediate and peaking units would 
respond the same way to a climate policy given the very different operational and economic 
context that these kinds of electricity generation units operate under. In this paper, the authors 
discuss key aspects of the load segmentation methodology used to imbed a varying electricity 
demand within the GCAM (a state-of-the-art Integrated Assessment Model) energy and 
economic modelling framework and present key results on the role CCS technologies could play 
in decarbonizng subpeak and peak generation (encompassing only the top 10% of the load) and 
under what conditions.  To do this, the authors have modelled two hypothetical climate policies 
that require 50% and 80% reductions in US emissions from business as usual by the middle of 
this century.  Intermediate electricity generation is virtually decarbonized once carbon prices 
exceed approximately $150/tonCO2. When CO2 permit prices exceed $160/tonCO2, natural gas 
power plants with CCS have roughly the same marketshare as conventional gas plants in serving 
subpeak loads.  The penetration of CCS into peak load (upper 6% here) is minimal under the 
scenarios modeled here suggesting that CO2 emissions from this aspect of the U.S. electricity 
sector would persist well into the future even with stringent CO2 emission control policies in 
place. 
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1. Introduction 
Electricity generation has conventionally been represented at a relatively aggregated level in most Integrated 
Assessment Models (IAMs) as most IAM groups have (appropriately) been focused on introducing new electricity 
generation technologies or improving the representation of existing technologies within their model [1, 2].  Thus 
while IAMs are varied in the level of engineering and cost detail used to model many different types of electric 
generating technologies, the electricity market in each model region is typically constructed as a single annual 
market for an average-priced electricity. Thus, the models fail to explicitly account for the varying seasonal and 
diurnal patterns of electricity demand, and the corresponding varying electricity prices, that occur in the real world. 
The need to reflect this real world dynamic that is inherent in electricity markets is becoming ever more critical as 
IAMs begin to include more detailed representations of renewable energy technologies in which the time dimension 
of resource availability is a factor.  Efforts are ongoing to add these capabilities in the context of renewable 
technologies to existing IAMs such as the MESSAGE and IMAGE [3, 4], as well as GCAM, the focus of this paper. 
Given that these models are used to perform “integrated assessments”, any significant change in the way one low 
CO2 emitting energy technology is modeled should impact how other energy technologies are utilized within future 
energy scenarios.  
For example, most discussions of implementing CCS with electric power plants has assumed that CCS would 
largely (perhaps exclusively) deploy on baseload power plants [5, 6].  This result would therefore encourage CO2 
transport, injection and measurement, monitoring and verification systems to be sized to handle a CO2 stream that 
would operate virtually non-stop over the course of a year and for decades [7].  The prospect of CCS deploying in 
intermediate, subpeak and even peak loads could have significant impacts on the downstream aspects of CCS (i.e., 
storage) or it might be that deployment of CCS beyond the baseload might require the ability to piggyback on 
existing pipeline and injection infrastructures rather than having dedicated facilities for these non-baseload plants[8].  
The GCAM integrated assessment model, developed at the Pacific Northwest National Laboratory [9] is used to 
provide the quantitative background for this study. GCAM is the successor to the MiniCAM model. GCAM models 
the energy and industrial system, including agriculture and land use, in an economically consistent global 
framework. GCAM explicitly models markets and solves for equilibrium prices in energy, agriculture and other land 
uses, and emissions. GCAM is a long-term model, operating over a projected time horizon from today through 2095. 
Regional detail is included for 14 distinct regions across the globe. A thorough description of how the GCAM 
models the energy production, transformation, and demand systems is provided in Clarke et al [10]. For the present 
analysis, we adopt the GCAM’s current core assumptions for the cost and performance characteristics of CCS 
technologies for the electricity sector including the ability to deploy CCS on large bioenergy production facilities.  
The GCAM’s modelling of CCS also accounts for technological progress and the potential for CCS to be adopted 
differentially depending upon the underlying process characteristics in refining, liquid fuel production and other 
industrial sectors beyond electricity generation [11]. 
2. Modeling a Dynamic Electricity System 
Electricity demand (or load) varies continuously with pronounced seasonal and daily patterns. Because electricity 
supply must be synchronized with demand, it must also be able to vary continuously. On a day-to-day or somewhat 
longer-term planning basis, this varying supply is met by having a sufficient capacity of powerplants that are 
dispatchable. That is, their output can be planned and controlled by powerplant operators to meet demand. On a 
much shorter-term, instantaneous basis, the system must also have sufficient quick-start capacity that can vary its 
output to match load variations on a continuous basis. Electricity storage capacity, such as compressed air energy 
storage (CAES), pumped and reservoir hydro, and batteries, also provides some flexibility in that this capacity can 
be added to when supply exceeds demand and drawn down when demand exceeds supply. 
The GCAM model uses an aggregate annual load curve based on 4 representative days, one for each season, 
averaged across each of six geographically diverse cities. The BEopt (Building Energy Optimization) program [12], 
was used to develop hourly load curves for the residential sector and for heating and cooling in the commercial 
sector. A California Energy Commission-funded study [13] was used for the remaining commercial demands, and 
the industrial and transportation sectors. Residential energy consumption by a “benchmark” house [14] was 
analyzed for each of six locations. Electricity consumption was disaggregated into the following six services: 
heating, cooling, water heating, lighting, appliances, and other. BEopt uses DOE2.2, another simulation program 
that calculates energy use as a function of the building shell and HVAC systems, to produce hourly estimates of 
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energy consumption by end use, by the representative buildings for an entire year. For this analysis, four 
representative days were chosen (96 hours), one for each season: January 1, April 1, July 1, and October 1. 
The portion of the annual energy consumption by each end-use in each location was calculated for each of the 96 
hours. These hourly portions were averaged (unweighted) across each of the six cities, in order to get an estimate of 
the average portion of energy consumed by each of the six end uses in each of the 96 hours, for the whole US. These 
percentages were then multiplied by the actual amount of energy consumed by each of the end uses in 2005, 
according to the Annual Energy Outlook [15]. Therefore, the data in each of the cities was only used to generate a 
96-hour load curve shape for each of six end uses whose total annual electricity consumption was already known. 
This limits the bias of choosing six cities to represent the whole nation. 
For the commercial sector, the residential electricity consumption 96-hour profiles were used for heating and 
cooling, and multiplied by the amount of electricity consumed for heating and cooling [15]. For all remaining end 
uses (water heating, lighting, office equipment, and other), the California Peak-day profile was used. While this 
dataset was for a day in the summer, these end uses are unlikely to show much seasonal variation. The same 
assumption was made for the industrial and transportation energy use in the California data. 
The load curve was then split among four generation segments that contribute to the load curve, each with unique 
average capacity factors. Baseload generation operates at all hours of the year, with a capacity factor of 83%. 
Intermediate, Subpeak, and Peak operate for successively smaller periods of time, with average capacity factors of 
52%, 25%, and 6%, respectively. Electricity pricing is based on the average total cost of new generation in each of 
these segments.  
 
3. Future Energy Scenarios 
To study how the electricity sector responds given the introduction of the new electricity load segmentation 
capability within the GCAM, we have constructed two economically efficient global CO2 emissions control policies, 
one that reduce US emissions by 50% by 2050, as well as a more stringent policy that reduces CO2 emissions 80% 
by 2050 (Figure 1). Both policies begin in 2012. Both the 50% and 80% policy scenarios require significant 
immediate reductions in emissions over the next decade. The 80% scenario requires substantially more emissions 
cuts in the next 25 years, with 2035 emissions under 2.8 GtCO2, as compared to 4.5 GtCO2 for the 50% case in the 
same year. As can be seen from Figure 2, CO2 permit prices in these cases start off near $25/ton CO2, rising as high 
as $160/ton CO2 in 2050 in the most stringent cases.
1 
 
  
Figure 1: US CO2 emissions pathways Figure 2: CO2 permit prices 
 
 
1 All financial data are in real 2005 US dollars. 
5764 P. Luckow et al. / Energy Procedia 4 (2011) 5762–5769
4 Author name / Energy Procedia 00 (2010) 000–000 
4.  Detailed Electric Sector Results for Reference, 50% and 80% Reduction Scenarios 
Figures 3-4 show electricity generation broken out into base, intermediate, sub-peak, and peak generation for 
both the 50% and 80% CO2 reduction by 2050 policy scenarios as well as for a no climate policy reference case.  
 
4.1 Baseload Electricity Generation 
The left-hand column in Figure 3 shows baseload electricity generation across all three scenarios.  In the 
reference case, growing electricity demand continues to be met with a combination of fossil fuels and nuclear power 
through 2050. There is also some growth in biomass, as well as other renewables, primarily wind, towards 
midcentury. At mid century in the reference case, biomass produces 1.7 EJ in 2050, and wind produces 2.9 EJ, out 
of a total 18 EJ for the baseload segment of the electricity load. Under either the 50% or 80% CO2 reduction 
policies, fossil fuel combustion with CCS replaces vented fossil fuels for much of the generation towards 2050. This 
switch happens 15 years earlier in the 80% reduction case than the 50% reduction case. At carbon prices above 
$100/tCO2 it is no longer economical to vent emissions, and nearly all baseload generation has transitioned to a 
combination of fossil fuels with CCS and zero carbon technologies such as nuclear and renewables. 
 
4.2 Intermediate Electricity Generation 
Intermediate electricity generation under the three scenarios is shown in the right hand panel of Figure 3. As 
nuclear power is not modelled here as a viable intermediate generation technology, most of the intermediate load 
across all three scenarios is met by conventional (i.e., venting) coal and gas plants through 2020. Biomass use grows 
in the following years, meeting 10-20% of this sector’s demand by 2050. CCS begins to play a role at carbon prices 
above $50/tCO2, and at a price of $150/tCO2, all fossil fuels are used in combination with CCS, with the exception 
of 0.5EJ of gas, as can be seen in 2050 in the results for an 80% reduction by 2050. 
 
4.3 Subpeak Electricity Generation 
The subpeak electricity generation for all three scenarios is shown in the left hand panel of Figure 4. The key 
insight here is that with increasingly strict constraints on CO2 emissions, the need for zero-emissions technologies 
overwhelms even the low capacity factor of this segment and allows for CCS and solar to play a role in serving this 
segment of the load. The marketshare for gas fired power plants with CCS is roughly equal to that of conventional 
gas plants by midcentury in the 80% emission reduction scenario in response to the high cost associated with any 
vented CO2 emissions. 
 
4.4 Peak Electricity Generation 
As can be seen from the right hand panel in Figure 4, the high CO2 permit prices in 2050 are enough to make 
gas with CCS begin to be competitive with conventional gas power plants for peaking units. The low capacity factor 
prevents CCS technologies from being as prevalent in the peak sector as was seen in the subpeak. Even at a carbon 
price of $160/tCO2, nearly all peak generating capacity is venting emissions
2. A model that failed to account for 
separate segments of the electricity market would not see such behavior; the added detail in the GCAM makes it 
apparent that emissions will continue to be vented even at CO2 prices that would otherwise be considered enough to 
make CCS economic. Battery storage plays a much larger role than CCS in mitigating emissions in the peak sector.3 
 
 
 
 
2 It takes even higher carbon prices than those studied in this paper, in excess of $400/tCO2 to push CCS into peak generation at 
large scale. 
3 While space constraints prevent a detailed discussion, the author’s also modelled an “advanced energy technology” case which 
assumed significant technological improvement (well beyond historic trends) in wind, solar, and energy storage technologies. 
The key insight gained from this “advanced energy technology” case occurs in the subpeak segment of the load and is due to the 
ability to deploy significantly more low cost solar technologies (a tripling of solar generation in 2050 compared to the reference 
case) largely replacing gas CC plants. In the peak sector, 20% of peak capacity is met by storage in the 80% reduction scenario, 
again replacing gas generation. 
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Figure 3: US Base load and Intermediate electricity generation 
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 Subpeak generation Peak generation 
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Figure 4: US Subpeak and peak electricity generation 
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4.5 CO2 Emissions Intensity Across All Load Segments 
 
Finally, it is helpful to examine total CO2 emissions across the spectrum of electricity sectors. Figure 5 plots the 
carbon intensity of generation (the total emissions divided by total electricity production) across the average 
capacity factors representing the four electricity segments modelled in GCAM, in 2050. In the reference case, the 
carbon intensity is about 25 MTC/EJ in the base load, rising to above 35 MTC/EJ in the intermediate segment, as 
nuclear is no longer an option. The subpeak sector, composed largely of natural gas-fired generation, is comparable 
to the base load in emissions intensity, with the peak higher due to more oil use in electricity generation.  
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Figure 5: Carbon intensity by capacity or load factor in 2050 
 
 
Both policy cases show a similar trend, with the base load being the easiest sector to decarbonize, combining 
several zero or near-zero carbon alternatives, including nuclear, wind, and CCS, with negative emissions from 
biomass with CCS, resulting in net-negative emissions. The intermediate sector, reliant largely on fossil-fuel 
generation in combination with CCS, has a slightly larger emissions intensity due to imperfect CO2
  capture. 
Subpeak and peak emissions are much more difficult to reduce, as a result of the low capacity factors and limited 
technology availability in these segments. The peak in particular has an emissions intensity 88% of the reference 
case, for the 80% policy, despite a carbon price of $160/tCO2. 
 
5. Conclusions 
A key strength of this modelling approach in this study is that it allows electricity-generating technologies to 
serve different segments of the electricity load demand in response to economic forces such as the modelled climate 
policy, energy prices, assumed rates of technological change. This approach also facilitates the modelling of energy 
storage technologies that serve to cover the temporal gap between supply and demand. Results of the two policy 
scenarios studied in this paper, a 50% reduction by 2050 and an 80% reduction in emissions by 2050, demonstrate 
that grid-scale battery storage may not be an economical choice in the absence of a carbon policy. It also requires a 
very large carbon price to incentivize large-scale adoption of novel renewable peaking technologies; even in 2050, 
carbon prices were not high enough to force generation to move from low-cost, low-carbon alternatives such as 
natural gas. 
A more nuanced picture emerges for the adoption of carbon dioxide capture and storage. CCS rapidly deploys 
in the baseload and intermediate sectors as carbon prices rise above $60/ton CO2, and are essentially decarbonized at 
$150/ton CO2. At prices beyond $150/ton CO2, it becomes economical to utilize CCS in some subpeak plants. Even 
at these prices, the peak electric sector continues to vent CO2 emissions. 
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The prospect of CCS deploying in intermediate and subpeak load segments raises potential concerns with 
respect to downstream CCS operations (e.g., CO2 transport and storage) as the low capacity factor of CO2 being 
captured from these units could dramatically increase per ton costs for transport and storage and the episodic nature 
of CO2 delivery from capture units mated to intermediate and subpeak units could also present operational issues.  
Fortunately, this does not appear to be an issue that needs to be addressed in the near term as CCS deployment will 
be concentrated on baseload plants in the first decades of deployment. Moreover, recent work by Johnson and 
Ogden [16] suggests that it will only be economic to begin creating an integrated network of CO2 pipelines in the 
later phases of CCS deployment and thus the cost and operational issues associated with downstream CO2 transport 
and storage from intermediate and subpeak units would be significantly reduced if they can be integrated into a 
networked pipeline system rather than having to bear their own dedicated transport and storage facilities. 
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